analysis is completed by including the effects of collisions between ions and neutrals.
Introduction

21
The most effective mixing agency in neutral atmospheres is turbulence. Qualitatively, this process can be described as a random walk mediated by turbulent eddies [1] .
will be accelerated in general, the moving frame is in not always an inertial frame of 88 reference, and the exact transformation will be more complicated.
89
The basic equation of motion for the center-of-mass R i (t) of the ion component is
92
Through the ion cyclotron frequency Ω ci , the ion mass appears explicitly due to inclusion 93 of the ion polarization drift. A collisional drag on the ions was ignored here, to be 94 discussed in the following Section 5.2.
95
An expression similar to (2) for the electron dynamics becomes
97
In general we have |U i | ̸ = |U e | because of different ion and electron temperatures. Note
98
that the electric fields in (2) and (3) are to be obtained at R i (t) and R e (t), respectively, . Schematic illustration of the polarization of a simple model here with a circular cross section and uniform density. The ∇B direction as well as illustrative ion and electron ∇B-drifts are shown for reference. The magnetic field vector points into the plane of the figure. The z-axis is also the symmetry axis for the torus. The magnetic field is here taken anti-parallel to the x-axis perpendicular to the plane of the figure. The components of the vectors R i,e are expressed in terms of coordinates (R, z).
The electric field originates from time varying part induced by polarization of the 105 plasma. With −e being the electron charge we find
where ∆(t) ≡ R i (t) − R e (t) where we will assume |∆| ≪ |R i,e | as well as |∆| ≪ R b .
108
The vectors R i , R e and ∆ are explained in Fig. 1 . The magnitude of the displacement 109 vector |∆| is assumed to be much smaller than R 0 .
110
Surface charges are created when the electrons are displaced slightly with respect to the ions. It is well known that these charges give rise to a constant electric field inside the central lens-shaped part of the cross section, see Fig. 1 , with the field direction being along −∆. The factor 1/2 in (4) originates from the locally cylindrical geometry. Throughout in the following we assume that |∆| ≪ R e,i . We introduce the blob radius as R b . The analytical variation for the electrostatic potential in the fixed frame for is φ ∼ r sin θ or φ ∼ z in Cartesian coordinates, while outside the blob we have φ ∼ 1 r sin θ or φ ∼ z/(R 2 + z 2 ). Inside the "top-hat" blob we have a constant electric field. For the electric field components outside the blob we have
in terms of the coordinates defined in Fig. 1 . An illustration of the electric field vectors 111 is given in Fig. 2 .
112
We can write the equation of motion for the ion center of mass as
and for the electrons
115
where electron polarization drifts are ignored. The relative dielectric plasma constant
2 was also introduced [20] . We introduced the ion 117 plasma frequency so that Ω 2 pi ≡ e 2 n 0 /(ε 0 M ). The present analysis can be made identical 118 to a single particle model because the plasma motion is adequately represented by the 119 center-of-mass of the blob which can be accounted for by the motion of a single particle.
120
This is a considerable simplification compared to a complete fluid model [19] .
121
The spatial variation of ϵ r through the spatial variation of B is ignored by making 122 a local analysis. The spatial variation of B enters only through the ∇B-drift. Due to 123 the "top hat" model we have the plasma density to be constant inside the structure.
124
Subtracting (2) and (3) we obtain an ordinary differential equation for ∆(t) = R i (t) − R e (t) in the form
With the present simplified assumptions, the relative displacement of electrons and 125 ions increases without limit, |∆(t)| → ∞, while the electric fields produced by the separation accelerates the blob in the direction of the major radius of the torus. To 127 find the acceleration of the bulk plasma-blob we use the average position R p (t) ≡
128
(R i (t) + R e (t))/2. By adding (5) and (6) we have
which ignores terms of the order of m/M by ignoring the electron polarization drift.
130
By differentiation of (7) we find in Fig. 1 . We have in particular
135
For large densities n 0 , i.e. Ω pi ≫ Ω ci , we have ε r ∼ n 0 . In the limiting case for large 136 n 0 we consequently find that d 2 R p /dt 2 is independent of blob density as indicated in 137 (9). We have a linear scaling with plasma temperature T i,e through U i,e . Since U i is 138 independent of the ion mass, we have an inverse scaling of (9) with respect to M ; heavy This result accounts also for the well known lack of equilibrium for a simple magnetized 
144
For low density plasmas, with ϵ r → 1 so that (ε r − 1)/(ε r + 1) ≈ 1 2
(ε r − 1), we find
/Ω ci which scales as ∼ n 0 T , being independent of ion mass.
146
Lower density blobs are lost at a slower rate than those with high density. A qualitative 147 argument then gives that the cross section of a blob with inhomogeneous density (as,
148
for instance, a two dimensional Gaussian used elsewhere [15] ), with density large in the 149 center and decreasing outwards, will be deformed to a cross-section with a horse-shoe 150 shape [20] as it expands by being accelerated in the direction of the major radius of the 151 toroid, here the R-direction.
152
While the blob moves in the positive R-direction (i.e. the direction of decreasing 153 magnetic field) also its average density decreases since the net integrated plasma in the 154 cylindrical volume is conserved. The radius in the "dough-nut" increases while its small 155 radius is constant so n ∼ 1/R just like B ∼ 1/R. This density variation is small for 156 relevant cases, but it is easy to account for as long as we at any time can take the density 157 to be constant in a cross section.
158
The simple model assumed a circular plasma cross section with uniform density.
159
The spatial toroidal magnetic field variation was included by retaining a ∇B-drift of 160 ions and electrons, assuming the magnetic field to be constant otherwise. The model is self-consistent since a circular plasma column with uniform density will retain its 162 circular cross-section for a spatially constant ∇B-drift velocity.
163
The ∇B-drift polarizes the blob and induces an m = 1 mode on the potential 
Applications to plasmas in gravitational fields
176
The foregoing results can be applied for plasmas near equator, where the gravitational component. An approximate balance can be argued when Mg/(eB)
with M being an average ion mass and U i being the ion ∇B-drift. We again estimate by assigning a negative density −n 0 to the blob in our expressions, where it is then 218 implicitly assumed that surrounding background plasma has a density exceeding n 0 .
219
Consequently we find in our case a constant vertical acceleration of the bubbles towards 220 higher altitudes. This acceleration will be reduced by viscosity and the drag due to 221 collisions between plasma particles and neutrals.
Extensions of the model
223
The model has some generalizations, the simplest one consisting of an approximation to 
227
This effect has been discussed already. It implies that the largest density blob moves 228 fastest, the other successively slower as also illustrated in Fig. 3 . The other effect is 229 due to the distortion of the selected level by all the other density levels. We illustrate 230 this latter case here. As a first approximation we can let the lowest density part in 
235
[15].
236
Figure 3. Schematic illustration of blob-density distributions composed of several "steps" in density, here shown for 2 steps. The figure to the left is the initial condition, which with time distorts to the right in the limit where the interaction between the two density levels is ignored and each one propagates by its own induced polarization field.
Modifications of the ion and electron dynamics 237
The foregoing basic discussion assumed the bulk motion of both electrons and ions to 
Effects of a small vertical magnetic field component
248
The first modification of the basic model assumes that the electric field along the tilted 249 magnetic field lines is constant and given as E b = E z sin θ ≡ E· z sin θ ≈ E· z θ where θ is 250 the angle between the toroid axis (the x-axis in Fig. 1 ) and the slightly tilted magnetic is now assumed to dominate the ∇B electron drift in the z-direction.
282
The electron equation of motion becomes
instead of (3). We still have E = − 1 2
286
For the ion dynamics we ignore collisions and have the previous result
288
We have for ∆(t) ≡ R i (t) − R e (t) the first order differential equation
290
Taking the scalar product z· of all terms we readily find
which has simple solutions with U i constant. Making a local model, we take also Ω 2 pi
291
and Ω 2 ci to be constant. The solution is then (R i (t) + R e (t)) we find
where we insert the solution found for ∆(t). The two last terms sum up to U i z in the 301 limit of large t. The term with d∆/dt vanishes in the same limit. For large t, the first 302 term on the right hand side becomes when θ → 0, so this limit can not be applied in (15) .
308
If we initiate a plasma blob that is strictly charge neutral (i.e. not merely quasi 309 neutral [16]) with ∆ = 0, the ion polarization via U i will induce an electric field in the 310 blob and set it into motion. Its velocity will increase until it reaches an asymptotic level 311 given before.
Ion friction through neutral collisions
313
Another extension of the model is found by including also ion neutral collisions with 314 frequency ν i . In this case we modify the ion dynamics by rewriting (13) to include a 315 collisional friction in the analytical form
317
where we insert dR e (t)/dt from (12) to find
A stationary asymptotic solution for ∆ is found if and only if velocity seems only weakly affected by ion-neutral collisions [11] .
328
If we initiate a plasma blob that is strictly charge neutral, ∆(t = 0) = 0 with 329 the additional constraint d∆/dt| t=0 = 0, it will remain so and there will be no net conditions. This remains correct as long as we can assume B ≈ constant, as in Fig. 2b ).
336
Concerning the ∇B × B-drift we used the standard approximation of a magnetic field 
344 Within the present model we have
will be useful later on. Note that ∇ · u E×B is here the same in a fixed or a moving frame 346 of reference. small initial plasma densities in the blob the conclusion has to be modified, and the 363 density variation will here have comparatively smaller effect meaning that the increase 364 in electric field (4) will be somewhat more important. We can conclude that for an 365 isolated blob, the consequences of compressible flows due to spatially varying magnetic 366 fields will generally be of little consequence. will be rapidly lost to the confining walls of the plasma.
396
We illustrated how electron motion along magnetic field lines will partially short- 
